Using hydrodynamic simulations and a technique to extract the rotational component of the velocity field, we show how bubbles of relativstic gas inflated by AGN jets in galaxy clusters act as a catalysts, transforming the energy carried by sound and shock waves to heat. The energy is stored in a vortex field around the bubbles which can subsequently be dissipated. The efficiency of this process is set mainly by the fraction of the cluster volume filled by relativistic plasma.
INTRODUCTION
Models for the formation of galaxy clusters require an external source of energy to avoid catastrophic cooling of gas at the centers of massive clusters and to explain the observed lack of cool gas (Peterson et al. 2003) in so-called cooling flow clusters (Fabian 1994) . Relativistic jets from supermassive black holes are the most likely source of this energy (Binney & Tabor 1995) . While jets carry sufficient kinetic energy, it has been unclear how efficiently that energy can heat the cluster gas, because the sound and weak shock waves that carry a significant fraction of the jet power are very inefficient at giving up their energy.
However, when jets interact with the gas in galaxy clusters (the intra-cluster medium, ICM), they invariably inflate hot, underdense bubbles of relativistic gas (whose sound speed is a significant fraction of the speed of light), observed as synchrotron radio nebulae (Scheuer 1974 ), a.k.a. radio lobes. Evidence is mounting (Bîrzan et al. 2004; Giovannini & Feretti 2004 ) that the ICM is littered with such bubbles, each of which starts out growing supersonically, driving a strong shock that efficiently heats the ICM it encounters (Heinz et al. 1998 ). However, X-ray observations show that the expansion rapidly decelerates and most bubbles expand subsonically, therefore not producing strong shocks (Fabian et al. 2000; McNamara et al. 2000) .
The bubbles themselves store a fraction of the initial jet energy, some of which can be transferred to the gas and dissipated during the bubble's slow, buoyant rise in the cluster atmosphere (Churazov et al. 2001; Begelman 2001 ). Another significant fraction of the jet energy is released in the form of sound and weak shock waves. In homogeneous media, dissipation of wave energy is determined by microscopic transport processes like viscosity or conduction, which are well known for unmagnetized plasmas. Realistically, though, the presence of even weak B-fields in the ICM can alter the transport coefficients, making estimates of the dissipation rate very uncertain. High values for the microscopic viscosity have been postulated as a way to dissipate the wave energy (Ruszkowski et al. 2004; Reynolds et al. 2005; Fabian et al. 2005) .
In this letter we argue that the presence of relativistic gas bubbles itself provides an efficient way to extract the wave energy and heat the ICM even if viscosity and thermal conduc- tion are strongly suppressed. In §2 we review the RichtmyerMeshkov instability, the process responsible for this dissipation, §3 presents the numerical methods we used, §4 discusses how the results of our investigation can be applied to galaxy cluster heating, and §5 provides a summary.
THE RICHTMYER-MESHKOV INSTABILITY
As we will show below, the energy transfer to the ICM occurs through a process known as the RichtmyerMeshkov instability (RMI) (Richtmyer 1960; Meshkov 1969; Quirk & Karni 1996; Inogamov 1999) . A plane shock or sound wave passing over a density discontinuity that is inclined with respect to the wave front, as it occurs at the boundary of the ICM with a relativistic bubble, induces a welllocalized vortex flow around the bubble (Enßlin & Brüggen 2002 ) (see illustration in Fig. 1) . A qualitatively similar process occurs when a shock passes over overdense clouds (Klein et al. 1994; Kornreich & Scalo 2000) .
Because the high sound speed keeps the material inside the bubble at uniform (but time varying) pressure, the bubble acts like a hydraulic piston, distributing pressure applied at one end over its entire surface. The arrival of the wave sets up a pressure gradient which accelerates the bubble/wave interface inward, introducing significant inward transverse motion and distorting the bubble. Ahead of the wave, the overpressured bubble expands into the ICM, inducing significant outward transverse motion. Once the shock front has passed over the bubble, it leaves behind a vortex ring in what was previously irrotational flow. For a compression wave of finite width λ, the passage of the trailing end of the wave will act in the opposite sense, partly restoring the bubble's original shape and canceling previously generated vorticity. This reduces the amount of energy deposited by the compression wave if λ is not large compared to the bubble radius R.
In the limit of low bubble density ρ bubble ≪ ρ ICM , and for R ≪ λ, it is easy to estimate the order of magnitude of the energy funneled into this rotational flow: Material of density ρ ICM enters the bubble volume V bubble with velocity v ICM (the bulk velocity of the compressed gas). Thus, the energy trapped in the toroidal vortex should be
where g depends on the bubble's geometry and should be of order unity for spherical bubbles. This energy is extracted from the wave and available for dissipation in the ICM. In order to verify the dimensional analysis that leads to eq. (1) and to calibrate the numerical coefficient g, we undertook an extensive set of numerical hydrodynamic simulations of shock-bubble interactions. We shall briefly present the details of our numerical study before discussing the results.
NUMERICAL METHOD
We performed multiple parameter studies on shock-bubble interactions using hydrodynamic simulations. The setup consisted of a hot bubble of varying geometry embedded in a colder, more dense medium. A shock or non-linear sound wave of varying finite depth λ and pulse height (i.e., Mach number) was introduced to traveled across the bubble. Fig. 1 shows a prototypical setup before and after the passage of the shock.
Our hydrodynamic simulations were carried out using the publically available FLASH code (Fryxell et al. 2000) . FLASH is an adaptive mesh refinement hydrodynamics code that uses a second order accurate piece-wise parabolic solver. Most of our simulations were carried out on a 2 dimensional Cartesian grid with an effective grid size of 2048x3072 grid points and an effective resolution of 64 grid points across the bubble.
Typical parameters are shown in Fig. 1 : with a density contrast of 100 and pressure balance across the bubble, the ratio of sound speeds is 10 from inside to outside of the bubble. We assumed an adiabatic equation of state except for the shock, which is handled implicitly by a shock capturing algorithm in FLASH. The ratio of specific heats for both hot and cold fluids was set to γ = 5/3.
In most of the simulations the shock was taken to be a semiinfinite piston with a sharp discontinuity in pressure, density and velocity sweeping over the bubble and the surrounding gas. The changes in fluid variables at the shock front were self-consistently set by the Rankine-Hugoniot shock jump conditions (Landau & Lifshitz 1987) . In the case of finite shock depth λ (Fig. 2) , the initial pulse profile was taken to be a top-hat function in all fluid variables.
The choice of grid implies a cylindrical geometry for the filaments. To confirm that our conclusions are independent of geometry, we also ran test-cases on a 2 dimensional axisymmetric grid, in which case the bubbles were spherical 1 . A res- olution study confirmed that our simulations have converged and are independent of numerical resolution. The results are insensitive to the density ratio ρ bubble /ρ ICM of bubble to environment as long as ρ bubble ≪ ρ ICM .
A decomposition of the velocity field into rotational and potential flow (which is a critical part of the findings presented in this letter) was performed as follows: The rotational velocity field was extracted by solving the vorticity equation ∇ × v = ∇ × (∇ × A) for the vector potential A, which reduces to Poisson's equation for −A in 2 dimensional Cartesian coordinates (subject to the boundary condition of vanishing rotational velocity at infinity, which makes v rot invariant under galilean transformation). We used a Fast Fourier transform method to solve the equation numerically. The potential velocity field, which describes sound and shock waves, can be found by solving Poisson's equation for ∇ 2 φ = ∇v. We then calculated the kinetic energy E rot = dV ρ(∇ × A) 2 /2 contained in the rotational part of the flow.
4. DISCUSSION 4.1. Numerical calibration of g Based on the set of simulations, we can test the simple prediction from eq. (1) and calibrate the numerical coefficient g. Fig. 2 shows the kinetic energy E rot in rotational flow as a function of v ICM for the case R ≪ λ. The numerical results are in good agreement with the estimate from eq. (1), with a numerical fit of g = 0.97. Fig. 2 also shows that for λ 10R, g is proportional to (λ/R)
2 . This dependence of g on λ/R is linked to the degree of bubble deformation produced during shock passage. Because the total amount of energy in the wave is proportional to λ, the energy transfer efficiency is η = g(R/λ) ∝ λ/R. Thus, small bubbles are more efficient at extracting energy than large ones.
Whether the condition R ≪ λ is satisfied in galaxy clusters depends on the unknown size distribution of bubbles released by jets. In sub-sonic models of ICM heating (Begelman 2001; Churazov et al. 2002) it is typically assumed that a large number of small bubbles is released rather than few large bubbles. Dynamical (Rayleigh-Taylor and Kelvin-Helmholtz) instabilities (Landau & Lifshitz 1987 ) eventually lead to fragmenta- -Extraction efficiency g for kinetic energy in rotational flow as a function of aspect ratio l/w (black circles) of the filament and best fit regression of g ∝ (l/w) 0.8 (black line). Filaments exposing less surface area to the shock are more efficient at extracting energy per unit bubble volume. Also shown: Efficiency g as a function of angle between filament and shock normal for an aspect ratio of l/w = 3.5 (red squares) and expected dependence g ∝ (∆y/∆x) 0.8 from measured x-and y-cuts across the filament (red line).
tion and shredding of individual bubbles, producing a spectrum of smaller filaments. This is confirmed by X-ray and radio images of the central regions of nearby clusters, which demonstrate that the distribution of radio plasma is highly filamentary and rather complex (Owen et al. 2000; Young et al. 2002; Fabian et al. 2003a) .
Bubble shape and orientation also have some effect on g: Fig. 3 shows that E rot depends on w, the bubble width parallel to the wave, and l, the bubble's length perpendicular to the wave. The best fit to the numerical data for aspect ratios l/w not too far from unity is g ∝ (l/w) 0.8 . Thus, the more surface area the bubble presents to the wave relative to its volume, the less efficient the mechanism becomes. The dependence of g on filament orientation shown in Fig. 3 (red) is due to the effective aspect ratio changing with angle. This dependence can be easily understood considering that all effects essential for deposition of rotational energy into the ICM (e.g. vorticity generation and bubble deformation) scale with the length of the filament perpendicular to the front.
Application to galaxy clusters
These results imply that a distribution of filaments of hot gas whose characteristic size is small compared to the radius at which they are located in the cluster can extract energy from a sound or shock wave passing over them rather efficiently. The total energy captured equals the energy density in the wave times the volume filled by bubbles. To demonstrate this, Fig. 4 shows a simulation of a random distribution of filaments (filling about 10% of the volume) before and after the passage of a shock. The top panels show the creation of a turbulence field around the bubbles in the wake of the shock. The bottom panel shows the decomposition of the velocity field into rotational (red) and potential flow (sound/shock waves, green). E rot and the viscous dissipation rate (blue) are well localized around the filaments even long after the passage of the shock.
The velocity in the differentially rotating vortices drops with distance from the bubble center and a number of dissipative processes (such as the magneto-rotational instability FIG. 4 .-Random distribution of low density filaments (occupying a fraction f = 10% of the volume) before (panel 1) and after (panel 2) passage of an initially square pulse of Mach 1.87, which induces a complex turbulence field in the wake of the filaments and distorts the wave front, compared to the same setup but with uniform density (panel 3). Panel 4: Kinetic energy of the decomposed velocity field: rotational flow (red); potential flow (green); and viscous dissipation rate (blue, in units of specific viscosity). Note that the rotational energy is localized around regions of enhanced bubble number density and that some of the energy in potential flow is radiated away in sound waves. (Balbus & Hawley 1991) , turbulence, and microscopic viscosity) will dissipate the energy contained in the vortex. The heat and entropy released by this process will go directly into the thermal gas in the region around the bubble. Since small bubbles rise through the cluster gas with speeds much smaller than the sound speed (Churazov et al. 2002) , the deposition of rotational energy and the subsequent heating are essentially occurring at a fixed location in the cluster compared to the passing wave.
As an illustration, consider the Perseus cluster, one of the brightest cooling flow clusters. The size of the most prominent jet-inflated relativistic bubbles around cluster center is about 10 kpc. This sets the typical thickness of λ ∼10 kpc of the compression waves generated by bubble inflation, consistent with the concentric ripples seen in X-ray images (Fabian et al. 2003b) . Assuming that the ICM is filled with numerous smaller bubbles (with R ≪ λ), left by previous periods of jet activity and shredded by ICM motions, the typical attenuation length for a compression wave will be L ∼ λ/f , where f is the fraction of cluster volume filled by bubbles.
For a filling fraction of f = 10% (a reasonable value given the evidence for relativistic plasma in clusters (Bîrzan et al. 2004; Giovannini & Feretti 2004) ), most of the energy of the waves will be trapped in the inner ∼100 kpc of the cluster, where most of the excess heating is required. Thus, even in the absence of microscopic viscosity, the bubbly ICM can prevent leakage of wave energy out of the central region. Moreover, bubbles will also boost the dissipation of sound waves created by other mechanisms (e.g., cluster collisions) in the central region, where f is presumably largest.
Strong shocks in the cluster center
Recent deep observations of a number of galaxy clusters have revealed surface brightness discontinuities on very large scales that are consistent with moderate strength shocks Nulsen et al. 2005 , the evidence is still far from conclusive, however). If this interpretation is correct, the energy required to drive these shocks could mean that cluster centers are subject to much stronger shocks than has recently been argued on the basis of cold rims around AGN inflated bubbles. The question of why the strong shocks (that must be produced in the inner reqions by these powerful outflows) have not been found has been a puzzle ever since Chandra began observing the temperature structures of the inner regions of galaxy clusters. The presence of a spectrum of smaller bubbles in the ICM might help explane the lack of observational evidence for such shocks: Fig. 4 shows that any shock front is distorted by the presence of bubbles: the large sound speed inside the filaments means that they rapidly broadcast the arrival of a shock, which locally jumps ahead when passing over a filament. This not only scatters some of the shock into isotropic sound waves, it also distorts and broadens the front. When observing such a shock in the X-ray image of a galaxy cluster, it will appear weaker than a coherent shock in the absence of filaments.
The presence of strong shocks could alter the arguments made above somewhat, since it would imply fewer, more powerful AGN ourbursts, leading to fewer, but bigger bubbles. In this case, the direct heating by shocks might be efficient enough to heat the cluster. However, as we showed above, the presence of bubbles increases the dissipation efficiency regardless of shock strength. As such, the mechanism proposed in this paper would still be at work. Furthermore, even the large bubbles inflated to produce the postulated strong shocks will eventually be disrupted dynamically into a smaller spectrum of bubbles. They will eventually encounter large scale shock and sound waves (either from subsequent AGN outbursts or from cluster dynamics), thus producing vorticity themselves by the above mechanism.
Bubble destruction
After the passage of multiple waves, the bubbles will eventually be destroyed by the very process that makes them efficient dissipators. This is likely a two-step process. In the first, hydrodynamic step, the bubbles are shredded into increasingly smaller filaments. This initially increases the efficiency of the mechanism proposed in this paper until the bubbles reach a characteristic size much smaller than the wave length of the perturbations. After this point, the efficiency of the mechanism is unaffected by bubble size, though the buoyant rise velocity of the bubbles still decreases with bubble size (thus leaving more and more time for dissipation processes to act on the vorticity field).
Ultimately, if the bubbles get shredded to small enough sizes their relativistic gas content might get microscopically mixed with the ICM. Whether this happens depends on the ratio of bubble volume to surface area, which decreases with bubble size. In this case, all the internal energy initially contained in the bubble will be supplied to the ICM. Clearly, this would be the most efficient way for an AGN to heat the ICM, since 100% of the supplied energy would reach the ICM.
Limitations of the numerical setup
Our similations were carried out in 2D and 2.5D (i.e., axisymmetry). The enforced symmetry might alter the amount of vorticity generation. While the numerical coefficient g will most likely change somewhat when running full 3D simulations, it has been shown that the Richtmyer-Meshkov instability does operate in 3D and the results of this paper will most likely not be affected severely by restricting the analysis to 2D. A more extensive investigation that extends our analysis to 3D is underway and will be published in a future manuscript.
CONCLUSIONS
The presence of filaments of relativistic gas in galaxy clusters can provide a significant boost to the efficiency with which shock and sound waves energize the gas. Given the ubiquity of both sound waves and of relativistic gas in galaxy clusters, this may well be a significant (if not dominant) channel of cluster gas heating. More generally, our results demonstrate the high efficiency of the RMI, which is known to have a broad range of scientific and industrial applicability.
